We have carried out reflectivity measurements, for photon energies from 2.0 to 5.6 eV in the electronic interband regime, for a series of unannealed ion-implanted GaAs samples which had been exposed to 45-keV Be+ ions at various Auences up to 5X10' ions/cm . The microstructure of the near-surface implantation-induced damage layer in these samples is known (from previous Raman work) to consist of a fine-grain mixture of amorphous GaAs and GaAs microcrystals, with the characteristic microcrystal size L of the microcrystalline component decreasing with increasing fluence (L =55 A at 5X10' cm ). The optical dielectric function of each sample's damage layer has been derived from the observed reAectivity spectrum by Lorentz-oscillator analysis. Then, by inverting the effective-medium approximation, we have extracted the dielectric function of the microcrystalline component (p-GaAs) within the damage layer. The optical properties of p-GaAs differ appreciably from those of the bulk crystal, the difference increasing with decreasing L. We find that the microcrystallinity-induced spectral changes are concentrated in the linewidths of the prominent interband features E&, E, +A"and E2. These linewidths increase linearly and rapidly with inverse microcrystal size: I "=I 0+ AL, where I o is the linewidth in the bulk crystal, I " is the linewidth in p-GaAs, and A is a constant. For the E& and E2 peaks, the experimentally detero mined value of A is such that the finite-size broadening (AL ) is about 0.2 eV when L =100 A.
I. INTRODUCTION
Ion-processed semiconductors are of both technological importance and scientific interest. Structural damage is inevitable in processes such as ion implantation' and ion etching. ' Near-surface damage in semiconductors produced by light-ion species, such as B+ and Be+, has been studied with various experimental techniques such as ellipsometry, ' Raman scattering, ' and transmission electron microscopy.
Unlike heavy-ion implantation, light-ion implantation at room temperature with moderate energy and fluence (or dose) does not produce a layer made completely amorphous.
In a recent investigation of the near-surface damage layer in unannealed Be -implanted GaAs, Holtz et al. have used a combination of Raman scattering and chemical etch to obtain microstructural information for samples exposed to various Auences. The damage layer was shown to consist of amorphous GaAs (a-GaAs) and
GaAs microcrystals (p-GaAs), and they derived (for each implant) the microcrystalline volume fraction, the characteristic microcrystal size, and the depth profile. In the present paper we report the results of a visible and ultraviolet investigation of the electronic interband spectra for these same Raman-characterized Be+-implanted GaAs samples. One purpose of these experiments is to 0 determine the effect of microcrystal size in the 100-A range on the optical properties and electronic excitations of microcrystalline GaAs. Microcrystalline Si has recently been extensively investigated, " but little is known about microcrystalline GaAs. The microstructural information available for the Be+-implanted material provides us with an opportunity to correlate our results on p-GaAs with microcrystal size, and to make quantitative statements about finite-size effects in p-GaAs.
Polycrystalline semiconductors with crystallite sizes in the range below 500 A (say 50 -500 A, or 5 -50 nm) are usually termed microcrystalline, ' although nanocrystalline is also sometimes used. " Throughout this paper we use the term microcrystalline GaAs (symbolized here by p-GaAs) to denote the crystalline component in our implanted GaAs samples, which we know (from the Raman work ) to be characterized by microcrystal sizes in this range.
We present results of visible-ultraviolet reAectivity measurements which probe the nature of electronic excitations within the damage layer of Be+-+ GaAs. The experimental methods and observed reAectivity spectra are described in Sec. II. In Sec. III the optical dielectric function of the damage layer of each implanted material is derived by means of Lorentz-oscillator analysis. The optical properties of p-GaAs, the microcrystalline com-FINITE-SIZE EFFECTS IN MICROCRYSTALLINE GaAs 1065 ponent, is extracted in Sec. IV with the use of the effective-medium approximation (EMA). Section V presents our main findings on finite-size electronic effects in p-GaAs. The micr ocrystallinity-induced spectral changes are concentrated in the linewidths of the three sharp interband peaks; these linewidths increase linearly and rapidly with increasing inverse microcrystal size. A simple theory, discussed in Sec. VI, semiquantitatively accounts for our observations. Small microcrystal size implies a short time for an excited carrier to reach, and to be scattered by, the microcrystal boundary, thus limiting the excited-state lifetime and broadening the excitedstate energy. An alternative uncertainty-principle argument can be given in terms of confinement-induced @space broadening of electron states. A summary of the paper is given in Sec. VII. II. EXPERIMENT gion covered. All measurements were carried out at room temperature. Figure 1 displays our results for the reflectivity spectra R (E) of four beryllium-implanted GaAs samples. Panels (a), (b), (c), and (d) show the spectra observed after implantation (45-keV Be+ ions) with Auences of 1X10', 5 X 10', 1X 10', and 5X 10' ions/cm, respectively. In addition to the experimental data on the ion-implanted samples, indicated by the points, each panel also contains two curves which correspond to the spectra of crystalline GaAs (labeled c) and of amorphous GaAs (labeled a). These two curves are repeated in each panel in order to provide visual benchmarks for the evolution of the GaAs spectrum with increasing implantation dose. The amorphous spectrum shown corresponds to implantationamorphized GaAs produced by high-fluence high-energy As+ bombardment. '"' A systematic spectral change is clear in Fig. 1 ; the higher the ion fluence, the more severe the deviation from the spectrum of the bulk crystal.
The c-GaAs starting material was Czochralski-grown, chromium-doped, semi-insulating, single-crystal GaAs. (100)-oriented wafers were cut, polished, then etched in 8:1:1H2SO4. 30 mol% H202. H20 prior to implanting at room temperature. Implantation was carried out at the Texas Instruments Central Research Laboratory, using 45-keV Be+ ions incident at 9' from the normal to avoid channeling. Ion fluences ranged from 1 X 10' to 5 X 10' ions/cm . No anneal was done following implantation.
The samples were of excellent optical quality; no implantation-induced surface roughness was discernible with laser-beam scattering.
Reflectivity measurements in the visible and nearultraviolet region (photon energy E in the range 2 -5.6 eV) were performed with a modified Perkin-Elmer prism-grating spectrometer, using chopped radiation and lock-in detection. The spectrometer was controlled with a NEC APCIII personal computer, which also performed data acquisition from the lock-in amplifier. Reflectivity was calibrated using the reflectivity of c-GaAs derived from ellipsometry measurements' as a reference standard. Our samples were exposed to air, and the thin oxide layer present on air-exposed GaAs is known to modify the observed reflectivity. ' ' In order to correct for this effect (a reflectivity reduction occurring mainly at photon energies above 4.5 eV), we used, as the reference standard for our c-GaAs sample, the reflectivity spectrum of oxide-free c-GaAs reported by Aspnes and Studna. ' This provided a spectral correction for use with the aluminum mirror against which all our samples were compared. The same correction (which has the effect of "optically removing" the oxide layer for our c-GaAs sample) was then applied to our measurements on the ionimplanted samples. For these, the correction is expected to be only approximate. We estimate the error in reAectivity to be at worst 3%%uo for photon energies above 5 eV, and less at lower photon energies (reflectivity reproducibility was within l%%uo). Our results of Sec. V may be slightly affected by this, but the effect on the lower energy where X is the number of data points, and f is the data function, which can be the reAectivity, the dielectric function, or other functions. We found that seven oscillators were needed to adequately fit the reAectivity spectrum of each sample.
Seven oscillators were also used in the ellipsometry studies of Erman et al. ' The fitting technique was checked by applying it to c-GaAs, for which the reAectivity, the dielectric function, and the other related optical properties are rather accurately known from ellipsometry measurements. ' Oscillator fitting was carried out on the ellipsometry-derived reAectivity function R (E). The error criterion 6 [Eq. (2) , with f =R] was less than 10 Also, the dielectric function e(co) corresponding [via Eq.
(1)] to the fitted set of oscillator parameters was compared with the e(co) values measured ellipsometrically. '
The corresponding error 5 [Eq. (2) , with f =e] was about 10 . In addition, a different fit was also performed in which the ellipsometry-derived dielectric function, rather than the reAectivitp, was the fitted quantity. This yielded a 6 of about 10 . All of these tests show that the fitting procedure is satisfactory. We did find that the error is not uniformly distributed; deviations tend to be larger in regions in which either e& or e2 is small. In these regions, ellipsometry measurements also involve a large uncertain- 12 The dielectric functions of the implanted samples and of c-GaAs were thus obtained by oscillator fits of the measured reAectivity, using seven oscillators for each sample. In all of the fits the value of the error criterion 6 (f =R) was less than 10 . The real part, ei(E), and the imaginary part, e2(E), of the dielectric functions of the implanted samples are plotted in Figs GaAs. ' The dielectric function is seen to be sensitive to the damage produced by ion implantation.
The sharp spectral features are smeared out as ion Auence increases. These spectral changes are due to two quite distinct effects: the increasing presence of the amorphous phase and the finite-size effects on the optical properties of the crystalline phase.
The first is self-explanatory. We shall concentrate our attention on the second effect.
is the same as that of c-GaAs, i.e. , we do not assume that e"=e,. The sharp spectral features of e, are due to interband k-conserving transitions at critical points in k space, and would be expected to be sensitive to finite-size effects in small microcrystals. Our analysis is thus focused on the optical properties of p-GaAs, the microcrystalline component within the damage layer of our implanted GaAs samples. We therefore use the EMA to derive e" from the measured e and the known e, .
The dielectric function of the microcrystalline phase is obtained by solving Eq. (3) for e":
The structure of ion-implanted semiconductors is believed to have the nature of a volume mixture of microcrystals and amorphous material. ' In particular, the recent Raman studies on the same samples studied here strongly support a structural model of the implantationinduced damage layer as a fine-scale mixture of amorphous and microcrystalline GaAs. Also, these samples (45-keV Be+ implants to fluences up to 5X10' cm ) were shown, by chemical-etch depth-profile Raman studies, to have a uniform high-damage plateau extending from the surface to a depth of about 1500 A, followed by a graded transition region in which the structure varies with depth until the undamaged crystal substrate is reached at about 4000 A. We have made reAectivity measurements on these samples following chemical-etch removal of near-surface layers, and find that the uv spectrum exhibits a similar depth profile. In our reflectivity work, photon energies exceeded 2 eV (well above the room-temperature band gap of 1.43 eV) and the optical penetration depth for this strongly absorbed light was less than the depth of the high-damage plateau. This means that we probed a region with macroscopically uniform structure, avoiding the complication of the graded transition region. Another significant feature of these samples, as will be seen in the next section, is that the microcrystalline component dominates the damage layer.
We use the Bruggeman efFective-medium approximation ' (EMA), a self-consistent effective-medium theory, to analyze the optical properties of our system.
When applied to our two-phase medium, the EMA takes the form
Here, e, e", and e, denote the complex dielectric functions of the implanted material, the microcrystalline phase, and the amorphous phase; f, and f"(f"= 1 f, )are the volume fractions of the amorphous and microcrystalline phases, respectively.
The dielectric function e, of a-GaAs is broad and featureless in this spectral region, and we assume that the amorphous component in the implanted material has the same dielectric function. But we do not assume that the dielectric function of the microcrystalline component, e", e e,f, 8= 2e+e, 1 f, -
The spectral region below 2.5 eV, well below the first strong interband feature at 2.9 eV, was chosen to calculate f, . In Eq. (6), a and a, are known from our experiments (determined from the dielectric functions of Figs It is also self-consistent, as shown later in the a"spectra of Fig. 6 Fig. 7 . The other entries in the last column are based on Ref. 2. tallite size L is very small; L =55 A for the 5 X 10' -cm implant.
The dielectric functions of the microcrystalline phase of the implanted samples, calculated using Eqs. (4) and (5) and the f, values in Table I ( Fig. 6 , where they are compared with the bulkcrystal spectrum a, (E) . We see that below 2.5 eV a" is close to ct"which is self-consistent with (and thereby supports) the assumption made above in the calculation of f, .
However, throughout much of the spectral range displayed in Figs. 4 -6 the optical properties of p-GaAs are seen to dier appreciably from the optical properties of c-GaAs. This is a key result.
The dielectric function of p-GaAs is different for each implant, i.e. , e"changes with ion Auence. The physical reason for this is that e"depends on the characteristic microcrystallite size L within the microcrystalline phase. L is an internal variable which controls the properties of p- GaAs. %e know L from the Raman work, and we know that it changes from sample to sample (Table I ). Our experiments thus yield the L dependence of e", which becomes progressively more different from the bulk-crystal e, as L decreases. The observed L dependence is analyzed in Sec. V and interpreted in Sec. VI.
V. THK EFFECTS OF MICROCRYSTAL SIZE ON THK OPTICAL PROPERTIES OF p-GaAs
Figures 4 -6 display our results for the optical properties of p-GaAs, the microcrystalline phase that is the FIG. 6. Absorption coefficient of the microcrystalline phase in each of the implanted samples, as described in the caption of Fig. 4 . The absorption coefficients are directly calculated from the dielectric functions of Figs. 4 and 5. main component within the near-surface damage layer of the implanted GaAs samples. A clear evolution is seen with decreasing microcrystal size. To quantitatively characterize this evolution, a second oscillator analysis was now performed on the microcrystalline-phase dielectric function e", for each of the four p-GaAs phases studied. Since oscillator parameters characterize the e"spectra in a consistent way, systematic microcrystallinityinduced changes should be significant.
In Table II (Table I) .
A quick review of the road to Table II is in order. Oscillator analysis of the measured refiectivity ( Fig. 1 ) was used to determine the dielectric function ( Figs. 2 and 3) of the implanted material. Effective-medium analysis [Eqs. (4) and (5)] was then used to extract the dielectric function e"of the p-GaAs component, using the composition (f",f, ) and dielectric function of the implanted material and the known dielectric function e, of a-GaAs.
Finally, in order to track the changes that occur with decreasing L, oscillator parameters were fitted to the e" spectra of Figs. 4 and 5.
Among the oscillators listed in Table II , three have especially small (less than 0.4 eV) c-GaAs linewidth values I;(c). These three oscillators correspond closely to the three prominent sharp features in the crystalline spectrum. They are identified with the direct interband transitions, E j E& + 6& and Ez, and their oscillator energies, 2.92, 3.12, and 4.85 eV, are close to the accepted room-temperature transition energies. ' We shall focus our attention on these three labeled rows in Table II parameters. The horizontal axis is I /L, the reciprocal of the characteristic crystallite size. Evidence that L provides a useful measure of microcrystallinity was found in the earlier Raman-scattering studies on these materials.
The three small-L values plotted at the right and center of Fig. 7 correspond to the Raman-derived L's listed in Table I for the three high-fluence implants. The points plotted on the left-hand axis correspond, of course, to the bulk crystal (c-GaAs, L =~) . The L value for the low-Iluence implant (first row of Table I ) was not independently obtained, but is an interpolated estimate based on the observed I and the linear I (L ') dependence for the case of the E & oscillator. Using the crude estimate so obtained for this L yields the two points plotted for E, + 5, and E2, which are seen to be reasonably consistent with the rest of the data. For each interband-transition oscillator, we may express the linewidth I as the sum of two terms:
Here, I is the linewidth measured for a microcrystalline sample (p-GaAs), I o is the linewidth measured for the bulk crystal (c-GaAs), and I "" is the additional sizeeffect broadening contributed to the linewidth in GaAs microcrystals by the effect of finite size. From Fig. 7 Here, 3 is a constant corresponding to the slope of the appropriate line in Fig. 7 . We list the 2 values in Table   III .
Before discussing interpretations of and mechanisms for the second term on the right-hand side of Eq. (9), we should first mention the origin of the first term, the "intrinsic" (bulk crystal) linewidth I o. Sharp features in the dielectric function originate from sharp features in the joint density of states for direct (or "vertical" or kconserving) electronic transitions from the valence band to the conduction band. The joint density of states is a continuous function p, "(E) and the shape (and effective spectral width) of each critical-point feature arises from the band structure E"(k)in the vicinity of the contributing critical point(s) in k space. In addition, there are mechanisms in the bulk crystal (carrier-phonon interaction, carrier-carrier interactions, etc.) which serve to limit the lifetimes of the optically induced electron-hole excit- 
If we invoke the uncertainty principle,~bE=h, and identify b,E with I "", Eq. (7) becomes
The discussion of the preceding section suggests that we seek a lifetime-limitation mechanism for the finite-size effects we see in p-GaAs. The proximity of the microcrystal boundary to the optically excited electron and hole provides a natural mechanism. We give a simple uncertainty-principle argument for the spectral effect of the carrier-boundary interaction. The basic idea is that a collision with the microcrystal boundary scatters an optically excited carrier into another state, limiting the excited-state lifetime. Let the excited carriers possess a characteristic velocity u. Then a rough estimate of the average time v. it takes for an excited electron (or hale) to "feel" the boundary in a microcrystal of size L is In p-GaAs, significant wave-vector spread b, k is present and the effect is shown in Fig. 8(b ). An energy spread AE arises in the transition via the energy-band dispersion dE/dk. Using 2~dE/dkjbk for b, E, 2n/L for b, k, . and identifying b, E with the size-effect broadening I ""ofEq. We may note that a relation similar to Eq. (11) has been used in connection with the optical properties of granular metals, in which case the linewidth term corresponds to the Drude collision rate and u corresponds to the Fermi velocity. Table III are values of the size-efFect lifetime r(L) for L =100 A, representative of our range of samples. These short lifetimes, in the 10 ' -s range, are estimated from Eq. (10) and the optically derived velocities [Eq. (12) ]. In this regime of microcrystallinity, the finite-size eff'ect is the dominant excited-state lifetime limitation.
A different view of the finite-size mechanism is obtained by considering the departure of the electron states from Bloch states. In a microcrystal of size L, each state acquires a k-space spread Ak of order 2m/L. This corresponds to the momentum spread A hk mandated by the position-momentum uncertainty principle for an electron confined within L. The wave-vector spread hk, in turn, gives rise to a spread in the energy of interband transitions, as shown in Fig. 8 . and E, +5, occurs along A, about halfway between I and L, and for E2 it occurs near K. These maximum values are included in Table III (13)].
Considering the approximations contained in our model, the rough agreement is reasonable and supports our overall picture.
A detail worthy of comment is the experimental difference we find between the behaviors of the size-effect broadenings of the E, and E, +b, peaks. Since this doublet arises from the spin-orbit splitting of the valence band, it is generally presumed that both peaks arise from transitions in the same region of k space (hence the equal entries in the middle column of Table III ). However, the difference that we observe in the finite-size effects on E& and E&+6& suggests that the contributing k-space regions are shifted relative to each other. It is noteworthy that a recent detailed study of the effect of temperature on the interband spectra of c-GaAs finds that the E, +5& linewidth increases more slowly with increasing temperature than does the E, linewidth, a result which is in the same direction as our finding for the effect on linewidth of finite microcrystal size.
VII. SUMMA'RY
Finite-size effects on electronic excitations have been experimentally identified in the interband spectra of microcrystalline GaAs. Visible-ultraviolet reAectivity measurements were carried out on a series of unannealed Be+-implanted GaAs samples in which the implantation-induced damage layer is known (from previous Raman work) to consist of a fine-grain mixture of amorphous and micr ocrystalline GaAs. Oscillator analysis was used to derive the optical dielectric function of the implanted layer from the observed reAectivity spectrum. Then, by inverting the effective-medium approximation, we have extracted (from the optical properties of the two-phase damage layer) the optical functions of the microcrystalline component, p-GaAs. The optical properties of p-GaAs are seen to differ appreciably from those of the bulk crystal (c-GaAs), with the difference increasing as the characteristic microcrystallite size (L) decreases.
The appropriate quantitative characterization of the evolution of the optical properties of p-GaAs with decreasing L is given in terms of the spectral linewidths of the features associated with the E,, E&+6,, and E2 direct interband transitions. As discussed in Sec. V, the spectral changes induced by small L are found to be concentrated in these three linewidths. These linewidths increase linearly and rapidly (Fig. 7) with L, the inverse microcrystal size. When L =100 A the size-effect increase in linewidth is about 0.2 eV for the E& and E2 peaks, comparable to the intrinsic bulk-crystal roomtemperature linewidth.
A simple theory based on the uncertainty principle is found to semiquantitatively account for our observations on finite-size effects in p-GaAs, notably the linear dependence of linewidth on L ' as well as the magnitude of this dependence. Small microcrystal size implies a short time for excited carries to reach, and to be scattered by, the microcrystal boundary. This limits the excited-state lifetime, and thus broadens the excited-state energy. Our results indicate (Table III) 
